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It is known that the magnetic properties of ferromagnetic materials 
change under fatigue and applied loads (1,2,3). These changes in the 
magnetic properties could be used as indicators of the stress state of 
the material, or possibly for predicting the remaining fatigue life. 
Previous reports have shown successful implementation of this magnetic 
measurement technique for NDE of steel samples in a laboratory 
enviroment. However, for this technique to be practical, a field-usable 
instrument must be developed. This paper will describe measurements 
using one such instrument, the Magnescope. It will also discuss the 
techniques used to evaluate the effects of applied loads, both tensile 
and compressive, and low cycle fatigue on a variety of materials. 
A brief description of the Magnescope will be given here. Further 
details have been given by Jiles, Hariharan, and Devine [4]. The 
Magnescope is a portable magnetic inspection device consisting of a 
personal computer, gaussmeter, fluxmeter, and a bipolar programmable 
power supply. Both the meters and the power supply are controlled by, 
and send input to, the computer. The software for controlling the system 
was developed at the Center for NDE. The Magnescope is capable of 
performing an inspection on a specimen and immediately reporting the 
magnetic hysteresis parameters. 
A variety of inspection heads can be used with the Magnescope. The 
type of inspection head used depends on the specimen geometry. An 
inspection head consists of a C-shaped soft iron electromagnet, with a 
flux coil to measure the magnetic flux density. The magnetic field 
strength is measured by a Hall sensor, permanently positioned between the 
poles of the electromagnet so as to be on the surface of the specimen 
being measured. The Magnescope is capable of demagnetizing smaller 
specimens. If the specimen is large, it will demagnetize the region where 
the measurement is taken. It then magnetizes the sample through a 
hysteresis loop. The field is swept at a frequency of typically 0.01 Hz. 
Experimental Procedure 
All the magnetic measurements reported in this paper were performed 
by the Magnescope with a specially configured inspection head. Each 
sample was demagnetized by the system and a hysteresis loop was measured. 
From this the remanence, coercivity and maximum differential permeability 
were recorded. 
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To determine the effect of applied stress on the hysteresis 
parameters, samples were taken from the web sections of various railroad 
rails representing 9 different metallurgical conditions. Flat tensile 
specimens were machined from chromium/vanadium, chromium/molybdenum 
alloyed steel rails. There were also a number of standard carbon rails 
representing intermediate strength and intermediate hardness levels, a 
head hardened and a fully heat treated rail, and a stretch straightened 
rail. The stresses applied were within the elastic limits for all the 
specimens. Five stress levels were applied, -200, -100, 0, +100, and 
+200 MFa. Magnetic measurements were taken while the stress was applied. 
Four parameters from the hysteresis loop were tabulated: remanence, 
maximum differential permeability, coercivity and hysteresis loss. 
Two materials were studied for the effects of fatigue. The first 
was a medium carbon steel taken from a railroad bridge whose heat 
treatment history was unknown. The samples were cylindrical bars 10 cm. 
in length with a 0.6 cm. gage diameter. The second material studied was 
4340 steel. This was austenitized at 8500 C for 1 hr. followed by an oil 
quench, tempered for 1/2 hr. at 400 0 C and oil quenched. The samples 
were cylindrical bars, 7 cm. in length and a 0.6 cm. gage diameter. 
Fatiguing for both materials was at constant total axial strain 
amplitude. Strain control was performed by an extensometer. The rail 
samples were fatigued to a predetermined number of cycles and removed, 
with no further fatiguing. As the approximate number of cycles to 
failure, Nf, was known, the percentage of expended fatigue life was 
calculated. None of the samples were fatigued to failure, so the 
percentages calculated are only an estimate of expended fatigue life. 
The magnetic measurements were made on the samples after fatiguing was 
completed and stresses removed. The samples of 4340 were fatigued at two 
strain amplitudes, 0.003 and 0.005. The frequency of the cycling was 
changed so that the strain rate was kept constant. All samples were 
fatigued to failure (defined as the cycle at which the applied load 
dropped 50% from its plateau value). Magnetic measurements were 
performed generally every 100 cycles, while the sample was in the grips. 
Each measurement was taken with the specimen under zero stress. 
RESULTS AND DISCUSSION 
Appljed Stress 
Figure 1 is a plot showing the remanence vs. applied stress for the 
9 specimens with different metallurgies. As can be seen, all the samples 
show changes in response to compressive stresses. There are also changes 
as the materials undergo tensile stresses but this is much diminished. 
Apparently the metallurgy of the specimen does not play a significant 
role in determining the dependence of remanence on compressive stresses. 
This is not true for tensile stresses however. Some specimens have 
stronger responses to tensile stresses than others, notably W6 (a 
standard carbon rail) and WlS (a standard carbon, stretch straightened 
rail). One specimen (WI, a Cr-V alloy rail) even showed a decrease in 
remanence under tensile stresses. 
The variation in maximum differential permeability with applied 
stress is shown in Figure 2. Here it can be seen that for most of the 
specimens there is a decrease in the maximum differential permeability 
under compressive stress, and an increase under tensile stress. This was 
not seen in three of the specimens: WI, WS and WIS. All three of these 
samples show decreases in maximum differential permeability in response 
to both tensile and compressive stress. These three specimens are the 
Cr-V and Cr-Mo alloys and it is believed that the alloying elements 
diminish the changes in maximum differential permeability of these 
materials. 
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Changes in the coercivity with applied stress are shown in figure 3. 
As can be seen, all of the samples show an increase in coercivity with 
compressive stress and a decrease in coercivity with tensile stress. 
This response appears to be independent of the metallurgy of the 
specimens. However, the magnitude of the coercivity does change with 
composition. The effect of applied stress on the hysteresis loss can be 
seen in figure 4. All the samples showed either minimal changes with 
stress or slight decreases in hysteresis loss with both tensile and 
compressive stress. 
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stress for various metallurgical conditions. 
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Fatigue 
Figure 5 illustrates the variation in coercivity for the railroad 
bridge steel specimens, measured at certain points in their expended 
fatigue life. It can be seen that the samples fatigued at higher strain 
amplitudes showed larger changes in the coercivity. This effect was also 
reported by Bose (1). It may be expected that the change in coercivity 
caused by different strain amplitudes is due to increases in the 
dislocation density. Higher strain amplitudes would increase the 
dislocation density, producing more pinning sites for the domain walls, 
which in turn would lead to higher coercivities. The "e" sample, 
fatigued at strain amplitude 0.005, showed a drop in coercivity near the 
end of its fatigue life. This can probably be attributed to crack 
formation prior to failure. 
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Figure 4. Variation of hysteresis loss with applied stress for 
various metallurgical conditions. 
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Figure 6 is a plot showing the remanence vs. expected fatigue life 
for a number of railroad specimens. Again we see the large initial 
increase in remanence which may be fatigue softening. However, there was 
no reduction prior to failure. Previous work by Brasche et al. (2) has 
shown the reduction to occur after 90% expended fatigue life. As these 
samples were fatigued only to 90% of expected fatigue life, a larger 
reduction may occur upon further cycling. 
Figure 7 shows the coercivity vs. percentage expended fatigue life 
for the 4340 samples at two different strain amplitudes. As can be seen, 
both show a large reduction in coercivity early in the fatigue life. 
This reflects fatigue softening which the samples undergo in early 
stages of fatigue. There is a larger drop in the coercivity for the 
materials fatigued at strain amplitude 0.005, similar again to the effect 
seen by Bose. 
The remanence vs. percentage fatigue life can be seen in figure 8. 
Here it can be seen that there is a steep increase early on and then a 
levelling off, again a reflection of the fatigue softening the material 
has undergone. 
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Figure 6. Remanence vs. expended fatigue life for the railroad 
bridge steel specimens. 
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Figure 7. Coercivity vs. % fatigue life for the 4340 specimens. 
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Figure 8. Remanence vs. % fatigue life for the 4340 specimens. 
CONCLUSIONS 
The magnetic hysteresis parameters, such as remanence, maximum 
differential permeability, coercivity and hysteresis loss have been shown 
to vary with applied stress for a variety of metallurgical conditions. 
The remanence was seen to decrease under compression and increase under 
tension. The maximum differential permeability was seen to decrease with 
compression and increase with tension. The coercivity was seen to 
increase under compression and decrease under tension. This hysteresis 
loss decreased under both tension and compression. The metallurgy of the 
samples played a significant role in the magnitude of changes in the 
parameters. In general, the specimens with fewer alloying elements 
showed larger changes. The specimens with Cr-V and Cr-Mo showed smaller 
changes in properties when compared with the other specimens. 
The magnetic hysteresis parameters, such as remanence, coercivity 
and maximum differential permeability have been shown to vary with 
fatigue in some ferromagnetic materials. Previous work (4) has shown 
that the remanence decreases sharply near the end of fatigue life. This 
was not observed in the samples of 4340. The magnetic hysteresis 
parameters have been shown to reflect either strain hardening or strain 
softening during fatigue. 
The strain amplitude seems to affect the magnetic parameters 
although this is not entirely understood. Larger strain amplitudes lead 
to decreases in coercivity at the end of fatigue life. More work needs 
to be done to determine why some materials show larger changes in 
magnetic properties than others. 
The possibility of using a portable magnetic inspection system for 
detecting fatigue in the field appears feasible. It has been shown to be 
capable of detecting applied stress in test specimens. The Magnescope 
has also been shown to be capable of detecting changes in materials due 
to fatigue. 
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